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Site-directed mutagenesisNMN deamidase (PncC) is a bacterial enzyme involved in NAD biosynthesis. We have previously
demonstrated that PncC is structurally distinct from other known amidohydrolases. Here, we
extended PncC characterization by mutating all potential catalytic residues and assessing their indi-
vidual roles in catalysis through kinetic analyses. Inspection of these residues’ spatial arrangement
in the active site, allowed us to conclude that PncC is a serine-amidohydrolase, employing a Ser/Lys
dyad for catalysis. Analysis of the PncC structure in complex with a modeled NMN substrate sup-
ported our conclusion, and enabled us to propose the catalytic mechanism.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Amidohydrolases represent a numerous group of hydrolases
acting on amide carbon–nitrogen bonds. They are categorized un-
der EC numbers 3.4 and 3.5, according to whether they act on pep-
tide bonds (peptidases and proteases) or other carbon–nitrogen
bonds. Amidohydrolases comprise thousands of members with di-
verse chemistry and functional roles. The salient mechanistic hall-
mark of these enzymes is the structure-aided activation of a
nucleophile, either a water molecule or aminoacid side chain, that
can attack the amide group for cleavage. The water molecule acti-
vation can be achieved through complexation with a mononuclearor binuclear metal center as in metalloproteases [1], or by interac-
tion with an acid residue in conjugate base form as in aspartate/
glutamate proteases [2]. In other cases, a serine, threonine, or cys-
teine residue acts as the major nucleophile after its activation trig-
gered by one or more conserved residues in the active site. In this
latter group, a covalent acyl-enzyme intermediate is generated.
The ﬁrst identiﬁed and most studied active site architecture is
the ‘‘classic’’ Ser/His/Asp catalytic triad of serine proteases [3]. Sub-
sequently, variations of this characteristic triad have been re-
ported, either in the residues’ identity, like the Ser/Ser/Lys triad
characterizing the ‘‘amidase signature superfamily’’ [4,5], or in
the number of participating residues, as seen in the dyads or in
the Ser-only conﬁgurations [6].
Recently, we have identiﬁed and functionally characterized a
novel member of the amidohydrolase group, the enzyme nicotin-
amide mononucleotide (NMN) deamidase (PncC, EC 3.5.1.42), for-
merly known as Competence/damage-inducible protein CinA [7].
PncC catalyzes the hydrolysis of the carbamide bond in the nicotin-
amide moiety of NMN yielding nicotinic acid mononucleotide
(NaMN), a key intermediate in NAD biosynthetic pathway. Our pre-
vious study showed that PncC is both phylogenetically and struc-
turally separate from other known amidohydrolases [7]. Indeed,
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contains a signature typical of known amidohydrolase families. Its
three-dimensional structure, which is available for the apo-protein
from Agrobacterium tumefaciens, as determined by the Midwest
Center for Structural Genomics, represents a unique and distinctive
fold. In the SCOP database it is classiﬁed as the only member of the
CinA-like superfamily of amidohydrolases, here renamed as PncC
superfamily.
In the present study, we combined mutational and structural
analysis to gain insight into the PncC active site architecture. Our
results point to a Ser/Lys dyad as a catalytic center for the PncC
superfamily, as seen in several proteases [8,9] and some amidases
[10,11]. Overall, these features characterize PncC as a novel exam-
ple of convergent evolution.2. Materials and methods
2.1. In silico analysis
PncC protein sequences (see Supplementary information) were
retrieved from The SEED comparative genomics database (http://
pubseed.theseed.org) [12]. Due the large number of sequences
(760 at the time of the analysis), a ﬁnal set of 447 sequences was
obtained after removing fragments and redundancy among strains
coming from the same species. Prior to the alignment using Muscle
[13], the COG1058 domain of the bifunctional COG1058/PncC pro-
teins [14] was manually removed. The most divergent sequences
(30) were obtained by decreasing redundancy (85% max similarity
threshold). Multiple sequence alignment and secondary structure
elements were displayed using ESPript/ENDscript [15].2.2. Site-directed mutagenesis and mutants’ expression and
puriﬁcation
Site-directed mutagenesis of Escherichia coli PncC was carried
out using the QuikChange XL Site-Directed Mutagenesis Kit (Agi-
lent Technologies), according to the manufacturer’s instructions.
Sequences of mutagenic primers are listed in Table S1. The plasmid
pCA24N-pncC, used as the PCR template, was puriﬁed from the
E. coli ASKA clone [16]. The mutagenized plasmids were sequenced
to verify incorporation of the desired modiﬁcation and to ensure
the absence of random mutations. For mutants and wild-type pro-
tein expression, the plasmids were transformed into electrocompe-
tent E. coli BL21(DE3) cells. Cells were grown at 37 C in Luria
Bertani medium supplemented with 0.030 mg/ml chlorampheni-
col. After reaching an OD600 of 0.3, cultures were shifted at 25 C
and expression was induced with 1 mM isopropyl b-D-thiogalacto-
pyranoside (IPTG), at an OD600 of 0.6. After 3 h induction, cells from
20-ml cultures were harvested by centrifugation at 5000g for
10 min, resuspended in 1 ml buffer A (50 mM TRIS/HCl buffer, pH
7.5, 0.15 M NaCl, 1 mM DTT) containing 1 mM phenylmethylsulfo-
nylﬂuoride (PMSF) and 0.002 mg/ml leupeptin, antipain and chy-
mostatin. The suspensions were sonicated for 3 min at 50 watt,
with 30 s intervals, and centrifuged at 15000g for 30 min. The
supernatants representing the soluble fractions and the corre-
sponding pellets were analyzed by SDS–PAGE [17]. The soluble
fractions containing the recombinant proteins were assayed for
the enzymatic activity and applied to a 5-ml HisTrap HP column
(GE Healthcare), equilibrated with buffer A, containing 10 mM
imidazole. The column was washed with the equilibration buffer,
and elution was performed with an imidazole gradient from
10 mM to 350 mM in buffer A. Fractions containing the recombi-
nant proteins (eluted at about 100 mM imidazole) were pooledand purity of the preparations was assessed by SDS–PAGE. Pools
were dialyzed against 50 mM TRIS/HCl buffer, pH 7.4, 0.15 mM
NaCl, and used for the kinetic characterization.
2.3. PncC activity determination and kinetic experiments
NMN deamidase activity was measured with a continuous
spectrophotometric assay, as described in [7]. Brieﬂy, NaMN for-
mation by the enzyme is coupled to the conversion of NaMN to
NADH, in the presence of recombinant E. coli NadD (converting
NaMN to NaAD), NadE (amidating NaAD to NAD) and yeast alcohol
dehydrogenase. For kinetic analyses, the HPLC-based assay relying
on direct quantitation of NaMN was used, as described [7]. Brieﬂy,
reaction mixtures contained 50 mM HEPES buffer, pH 7.5, NMN
concentrations ranging from 1 lM to 3 mM, and appropriate
amounts of puriﬁed proteins. After incubation at 37 C, reactions
were stopped with 0.6 M HClO4, and after 10 min on ice, the sam-
ples were centrifuged for 1 min at 12000g. The supernatants
were neutralized with 0.8 M K2CO3, kept on ice for 10 min, and
centrifuged as described above, before injection into an ion-paired
analytical Supelcosil LC18-S column (5 lM, 4.6  250 mm). Elution
conditions were 4 min at 100% buffer A (100 mM potassium phos-
phate, pH 6.0, 8 mM tetrabutylammonium hydrogen sulfate),
6 min up to 7% buffer B (buffer A containing 30% methanol),
returning to 100% buffer A in 1 min, and holding at 100% buffer
A for 5 min. The amount of enzyme in the reaction mixture was
maintained at a level between 0.1 and 500 lg/ml, leading to
1–10% substrate consumption within the incubation time. The
linearity of response was assessed by the analysis of aliquots taken
at 2 time points (10 and 20 min) over the course of reaction.
Apparent values of Km and kcat were calculated by ﬁtting initial
rates to a standard Michaelis–Menten model using the software
Prism 4 (GraphPad).2.4. PMSF and ﬂuorophosphonate inhibition studies
The inﬂuence of PMSF and a biotynilated ﬂuorophosphonate
(Desthiobiotin-FP, Thermo Scientiﬁc, Rockford, IL USA) on PncC
activity was tested by incubating the pure enzyme (ﬁnal concen-
tration 0.1 lg/ml) in the presence of 1.0 mM PMSF or 0.1 mM des-
thiobiotin-FP, and 1 mM NMN. At different incubation times at
37 C, NaMN product was quantiﬁed using the HPLC assay de-
scribed above.2.5. Thermal stability assay
Puriﬁed T31A, E28A, and wild type PncC (ﬁnal concentration
0.5 mg/ml) were incubated at 70 C in 50 mM TRIS/HCl buffer, pH
7.4, 0.15 mM NaCl. Aliquots were taken at different times, and
enzymatic activity was assayed as described above.
2.6. Circular dichroism analysis
CD measurements were performed on puriﬁed R142A, Y56A,
and wild type PncC at protein concentration of 0.1 mg/ml for far-
UV measurements and 0.3 mg/ml for near-UV measurements, in
2.0 mM Tris–HCl buffer, pH 7.4, at 25 C. A spectropolarimeter
model J-810 (Jasco, Tokyo, Japan) equipped with the tempera-
ture-controlled liquid systems Neslab RTE-110 (Neslab Instru-
ments, Portsmouth, NH) calibrated with a standard solution of
10-camphor sulfonic acid was used. Circular quartz cuvettes (Hel-
ma, Jamaica, NY) with 0.1 cm and 0.5 cm path length were used for
the measurements in the far-UV (200–250 nm) and near-UV
Fig. 1. Multiple sequence alignment for most divergent PncC proteins, including the experimentally characterized PncCs from E. coli strain K12 and Shewanella oneidensis
MR-1 (underlined), and PncC from Agrobacterium tumefaciens strain C58, whose 3D structure is available (marked within stars). Mutated residues are indicated by arrows
(E. coli sequence numbering). Conserved residues are marked with a red background. Less conserved residues are indicated with yellow background. Secondary structure
elements of atPncC (PDB 2A9S) are also displayed: springs represent a-helices and arrows represent b-strands. The signature sequences are also shown.
1018 L. Sorci et al. / FEBS Letters 588 (2014) 1016–1023(250–320 nm), respectively. A spectral acquisition spacing of
0.2 nm (1.0 nm bandwidth) was used in the far-UV region, and
0.1 nm spacing (1.0 nm bandwidth) in the near-UV region. Photo-
multiplier absorbance did not exceed 500 V in the spectral regionsmeasured. Each spectrum was averaged ten times and smoothed
with Spectropolarimeter System Software Ver. 1.00 (Jasco). All
measurements were performed under nitrogen ﬂow. The results
are expressed in terms of ellipticity (millidegree).
Table 1
Kinetic analyses of wild-type and ecPncC mutants.
Mutated residue in
ecPncCa
atPncC
numbering
kcat
(s1)
Km (lM) kcat/Km
(s1 mM1)
None 4.1 ± 0.2 7 ± 2 5.9102
E28 E30 3.9 ± 0.2 272 ± 38 0.1102
S29 S31 NDb – –
T31 T33 3.2 ± 0.2 27 ± 2 1.2102
Y56 Y58 NDb – –
K61 K63 NDb – –
S103 T105 1.1 ± 0.2 12 ± 3 0.9102
R142 R145 NDb – –
a All residues have been mutated to alanine, with the exception of K61 that was
engineered to glutamine. Kinetic parameters were determined as described in
Section 2.
b ND, not detectable.
Fig. 3. Crystal structure of the atPncC monomer, highlighting the role of E30, T33
and G35 in a2-loop-b1 clamping, which contributes to S31 nucleophile orientation.
Fig. 4. Residual enzymatic activity of puriﬁed wild type PncC, E28A, and T31A
mutants after incubation at 70 C at the indicated times. Enzymatic activity was
assayed as described in Section 2.
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3.1. Identiﬁcation of PncC superfamily’s signature residues
In order to identify and study critical residues involved in NMN
deamidation reaction, we performed a large multiple sequence
analysis with over 500 PncC sequences (see Fig. S1). Fig. 1 shows
an alignment of 30 most divergent sequences, including the pro-
teins from E. coli and Shewanella oneidensis, which have been
experimentally characterized by us [7], and the protein from A.
tumefaciens, whose 3D structure is available. This allowed us to
identify three signature motifs: ESxTxG, YxxxxK, and (S/T)GxA;
additionally, an arginine residue appears to be invariably con-
served in all analyzed sequences (Fig. 1). The abundance of serine
and threonine residues among the conserved residues, in combina-
tion with previous inhibition studies ruling out a thiol- or metal-
dependent type of amidohydrolase [7], suggested that PncC might
employ one of the diverse active site conﬁgurations described for
serine/threonine proteases. We next carried out site-directed
mutagenesis to identify critical catalytic residues.
3.2. Identiﬁcation of critical residues by site-directed mutagenesis
Among the 10 highly conserved residues spotted by the se-
quence alignment analysis, 7 amino acids were selected for site-di-
rected mutagenesis based on their potential ability to participate in
acid/base chemistry and/or hydrogen bonding (Fig. 1). E. coli PncC
(ecPncC) was used as the template to generate the following mu-
tated proteins: E28A, S29A, T31A, Y56A, K61Q, S103A and R142A.
Mutants were overexpressed in E. coli cells, and puriﬁed toFig. 2. Electrostatic surface of the PncC monomer from Agrobacterium tumefaciens (PDB code 2A9S), with close-up view of the active site. Residues conserved in the PncC
sequence, and residues potentially H-bonded to the proposed K63 catalytic base are evidenced. H-bonds are represented by dashed lines.
Fig. 5. Detailed view of atPncC active site with a modeled NMN molecule. Residues
that are likely to engage H-bonding with the ligand are evidenced, including the
residues G106 and C32 predicted to form the oxyanion hole. Hydrogen bonds are
shown as dashed lines. The catalytic residue K63 is also evidenced.
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zymes showed that all mutants were expressed as soluble proteins,
migrating at the same position (about 19 kDa) as the wild type (not
shown).
A detailed kinetic analysis of the puriﬁed proteins showed that
S29A, Y56A, K61Q, and R142A mutants completely lost catalytic
activity (Table 1). Compared to wild-type enzyme, T31A and
S103A exhibited a 5- and 7-fold lower catalytic efﬁciency, respec-
tively, and replacement of E28 with alanine yielded a 60-fold de-
crease. Notably, while in T31A and E28A mutants only the
substrate afﬁnity was affected (4 and 40-fold increase in Km,
respectively), in the S103A mutant the kcat/Km reduction was
mainly due to kcat impairment (Table 1). These results suggest that
T31 and E28 might play a structural role rather than a catalytic
one, while S103 is likely involved in catalysis.
3.3. Deﬁning the active site conﬁguration of PncC superfamily: the
catalytic core
Among the seven absolutely conserved residues whose involve-
ment in catalysis has been assessed by our mutagenesisFig. 6. Circular dichroism spectra in the far-UV (A) and near-UV (B) of wild type PncC, Y
point in the far-UV spectrum is indicated by a solid arrow.experiments, ﬁve are located in the putative active site that we
have previously predicted [7], based on surface charge analysis
and substrate docking performed on the available PncC structure
from A. tumefaciens (atPncC, PDB code 2A9S) (Fig. 2). The presence
in the active site of a serine residue essential for catalysis (S31, cor-
responding to S29 in ecPncC) strongly suggests that PncC might be
a serine amidohydrolase. Since most serine hydrolases are inhib-
ited by electrophilic compounds known to covalently modify the
nucleophile [18,19], we tested the effect of PMSF and a ﬂuor-
ophosphonate on the PncC activity. The results showed that the
compounds were not able to inhibit the enzyme activity, indicating
that PncC does not behave as a ‘‘classic’’ serine hydrolase. However,
some serine hydrolases have been described which are not affected
by ﬂuorophosphonates and sulfonyl ﬂuoride inhibitors, despite
possessing a serine nucleophile, including signal peptidase [20]
and a few members of the ‘‘amidase signature’’ superfamily [4,21].
Inspection of residues surrounding the proposed S31 nucleo-
phile in atPncC structure identiﬁed K63 (K66 in ecPncC) as the only
coordination partner at H-bonding distance (2.9 Å) (Fig. 2). This
observation, together with the lysine’s essential role in catalysis,
as demonstrated by the mutagenesis experiments, makes it a
strong candidate to function as the general base, capable of directly
activating S31 for catalysis by increasing its nucleophilicity.
Although the network of H-bonding acceptors surrounding K63
in the crystal structure (Fig. 2) would support a protonated state
for K63, it is plausible that the substrate binding would promote
the deprotonated state of the catalytic lysine, as required for serine
nucleophile activation. Taken together, these observations indicate
that the PncC superfamily employs a Ser/Lys dyad for catalysis.
Ser/Lys amidohydrolases represent a wide group of enzymes
with different folds and biological functions. They include prote-
ases, i.e. signal peptidases [8,9,22,23], Lon protease [24], C-termi-
nal processing peptidases [25], proteases of the UmuD family
[8,26], penicillin binding proteins [27], viral proteases [28], lacto-
ferrin [29], and amidases like b-lactamase [30] and glutaminase
[10,11]. The common mechanistic trait of Ser/Lys amidohydrolases
is the nucleophilic attack by the serine hydroxyl aided by a lysine
e-amine acting as the general base. However, in a number of cited
cases, i.e. in the evolutionary related penicillin binding proteins
and b-lactamases, auxiliary catalytic players are required [31,32].
Our discovery that PncC is an amidohydrolase employing a Ser/
Lys catalytic dyad expands the repertoire of amidases with similar
active site architecture and different overall fold, and is in keeping
with the concept that the Ser/Lys dyad active site arrangement has
arisen multiple times, as a result of convergent evolution [6,33].56A, and R142A. Spectra were recorded at 25 C as detailed in Section 2. Isodichroic
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residues surrounding the catalytic core
In order to understand the role of the other residues whose sub-
stitution was found to affect PncC catalytic efﬁciency, we next fo-
cused on the conserved E30 and T33 residues (E28 and T31 in
ecPncC) of the ESxTxG signature sequence (Fig. 1). The kinetic char-
acterization of the mutated proteins showed that the replacement
of glutamate with alanine yields a 60-fold decrease in the kcat/Km
value, while T31A mutation resulted in only a 5-fold reduction
(Table 1). Notably, these effects are essentially due to a decrease
in the afﬁnity for the substrate (Table 1). Inspection of the struc-
tural localization of these residues revealed that, despite being
adjacent to the catalytic serine in the primary structure, both of
them point away from the enzyme catalytic center (Fig. 3). E30,
that resides in the b1 strand, interacts with a2 helix, whereas
T33 helps orienting E30 itself through an H-bond. These results
suggest a structural, rather than catalytic function. Such a role is
also evidenced by the results of thermal stability experimentsFig. 7. Proposed mechanism of NMN deamidation catalyzed by PncC. The reaction procee
tetrahedral intermediate; (2) decomposition of the tetrahedral intermediate with the p
attack of a deacylating water molecule; (4) release of the second product (NaMN) and fperformed on the mutants. As shown in Fig. 4 both mutations
clearly affect the enzyme thermal stability which is severely re-
duced in T31A and signiﬁcantly increased in E28A.
Similarly to T33, the conserved G35 of the ESxTxG signature,
not mutated in this work, is H-bonded to E30 through its main
chain (Fig. 3).Therefore these three residues appear to lock b1
strand and a2 helix together, thus contributing to the correct ori-
entation of the serine nucleophile that resides in the connecting
loop (Fig. 3).
We have previously reported the atPncC structure in complex
with a NMN molecule modeled into the predicted active site [7].
The substrate pose in the active site has been recently conﬁrmed
by Sánchez-Carrón et al. [34]. Interestingly, the modeled substrate
is found to interact with all the conserved residues demonstrated
to be critical for PncC catalysis and located in the active site
(Fig. 5). In particular, the extended conformation (with no intra-
molecular H-bonds) adopted by NMN seems to favor the attack
of the S31 nucleophile to the carbonyl of the scissile bond. In
addition, T105 (S103 in ecPncC) might contribute to the correctds through the following steps: (1) nucleophilic attack of the S31 oxygen to form the
roduction of acyl-enzyme intermediate and release of ammonia; (3) nucleophilic
ree enzyme.
1022 L. Sorci et al. / FEBS Letters 588 (2014) 1016–1023orientation of NMN amide group for catalysis (Fig. 5), in agreement
with its non-essential role, as evidenced by the mutagenesis
experiments.
Mutagenesis studies showed that two additional residues lo-
cated in the active site were essential for the enzyme activity, i.e.
Y58 and R145 (Y56 and R142 in ecPncC) (Table 1). In order to as-
sess whether the loss of catalytic activity is caused by disruption
of the active site architecture we performed CD analysis on the
two puriﬁed mutants and wild type PncC (Fig. 6). The secondary
structures were investigated by far-UV CD, and the obtained spec-
tra (Fig. 6A) were analyzed by the Yang’s algorithm [35]. The re-
sults show a remarkable increase of the percentage of random
structure in R142A and Y56A (from 3% to 12% and 9%, respectively)
with a decrease of their a-helices content (data not shown). In
addition, the far-UV CD spectra show the presence of an isodichroic
point at 203 nm (Fig. 6A), indicative of an a-helix to random coil
transition for both mutants [36]. The tertiary structural organiza-
tion was investigated by CD spectra in the near-UV region. Wild
type PncC shows a well structured spectrum in the aromatic re-
gion, suggesting the presence of an extended network of intra-
molecular interactions in the three-dimensional matrix of the pro-
tein (Fig. 6B). The mutant Y56A presents a well structured near-UV
spectrum in which is clearly visible the diminution of Tyr contribu-
tion at 278 nm. On the contrary, the near-UV spectrum of R142A
(Fig. 6B) appears to be less structured indicating a different ﬁnger
print of the protein side-chains [37]. Overall, these conformational
changes may explain the loss of enzyme activity by the mutant
proteins.
In the solved apo-structure of atPncC, Y58 and R145 are
H-bonded (Fig. 2), whereas in our docked structure with NMN they
move away from each other, beyond H-bonding distance, and ap-
pear to stabilize the phosphate moiety of the substrate (Fig. 5).
In addition, our modeled structure allowed us to assign a possi-
ble role also to the two conserved residues G106 and A108, not
mutated in this study. Both residues are located in the active site
(Fig. 2) and A108 main chain seems to engage an H-bond with
the 20-hydroxyl of the ribosyl moiety of NMN, favoring substrate
binding, while G106 main chain appears to polarize the nicotinyl
carbonyl oxygen, favoring the nucleophilic attack (Fig. 5).
Overall, our data show that all the conserved and critical resi-
dues included in the three signature motifs (Fig. 1) play distinct
roles in catalysis or substrate binding.3.5. Proposed model for the chemical mechanism of hydrolytic
cleavage
Our structural and mutagenesis results support a catalytic Ser/
Lys dyad mechanism, as shown in Fig. 7. According to this model,
the e-amino group of K63 acts as the general base, and extracts a
proton from the hydroxyl group of S31. This activation prepares
S31 for the nucleophilic attack of the carbonyl carbon of the scissile
amide bond of the nicotinamide moiety which results in the forma-
tion of the oxyanion tetrahedral intermediate. The latter is stabi-
lized by the oxyanion hole likely formed from the main-chain
amides of C32 and G106 (Fig. 5). Catalysis then proceeds through
the formation and subsequent cleavage of the covalent acyl-en-
zyme intermediate as described in Fig. 7. Validation of the pro-
posed PncC catalytic mechanism awaits the 3D structure
resolution of the enzyme with bound substrate or inhibitor.
In conclusion, the results from mutagenesis experiments com-
bined with the structural analysis of both the PncC apoenzyme
and its form in complex with a modeled NMN molecule, allowed
us to deﬁne the active site of PncC and assign speciﬁc roles to all
conserved residues. This revealed that PncC is a Ser/Lys amidohy-drolase: its unique function (nucleotide deamidase) and fold ex-
pand the diversity of this large group of amidohydrolases.
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